Myosin ATPase activity is usually considered to reflect the contractile capacity of a given muscle since it correlates with the maximum initial speed of shortening of the unloaded muscle (V max ). There are several exceptions to this scheme, and it was the goal of this study to determine if the Mg 2+ -ATPase activity of the covalently bound actomyosin SI is a more physiological index of contractility. On polyacrylamide gels, the complex obtained after condensation of fast skeletal myosin SI to skeletal actin is identical to that obtained with myosin SI from the ventricles of different species, including rat, guinea pig, and human, cross-linked to cardiac or skeletal actin. In every condition, the ATPase activity of the complex is 700-fold higher than that of myosin SI. It correlates linearly with the V mra both in phylogeny and in conditions in which an isomyosin shift has been reported, such as hypothyroidism and chronic cardiac overload. Such a relation indicates that, in species that already have a low V raax , a small change in myosin ATPase may induce dramatic consequences in the shortening velocity. Cardiac hypertrophy in humans, where the drop in V raax is not associated with a myosin change, does not fit into this scheme. The enzymatic activity of the complex is also unmodified in this condition, which shows that, in humans, the myosin ATPase is not a determinant of \ mm and suggests that other mechanisms may be involved. Measurement of this type of ATPase activity provides a new tool to explore contractility biochemically, which is more reproducible and, from a technical point of view, easier to perform than a kinetic assay. It also correlates better with mechanical data obtained with skinned fibers than with those measured on fresh papillary muscles. (Circulation Research 1989;64:1106-1115) I t is now well established that the maximum shortening velocity of an unloaded skeletal 1 or cardiac 2 muscle (V max ) correlates linearly to both Ca 2+ -activated and actin-activated myosin ATPase activity measured in the steady state 12 and also to the activity measured during the initial phosphate burst.
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t is now well established that the maximum shortening velocity of an unloaded skeletal 1 or cardiac 2 muscle (V max ) correlates linearly to both Ca 2+ -activated and actin-activated myosin ATPase activity measured in the steady state 12 and also to the activity measured during the initial phosphate burst. 3 This relation is one of the basics of muscle physiology and pathology since, in response to chronic overload in some animal species such as rats, it has been shown that the drop in V m ax correlates with a diminution in myosin ATPase and to a corresponding isomyosin shift from the fast isoform V, to the slow isoform V 3 .
-
There are, however, several exceptions to this scheme, such as cardiac overload in human, cat, dog, and pig ventricles. In these species, in response to chronic overload, the shortening velocity drops without any appreciable changes in myosin enzymatic activity or isomyosin content. 78 This suggests that either the true physiological myosin ATPase has not been measured or that other determinants for the shortening velocity are involved, such as the regulatory contractile proteins, posttranscriptional modifications of myosin, 9 or qualitative or quantitative changes in the various mechanisms responsible for intracellular calcium content. 10 The most physiological ATPase is that obtained when myosin has been activated by actin. However, it is technically very difficult to measure the fully activated actomyosin ATPase activity because of both the fragility of the actin-myosin binding in the presence of ATP and the viscosity of actin at high concentrations. These problems can be overcome by covalently binding actin to myosin with a chemical reagent 1 -ethyl-3 -(3 -dimethylaminopropy l)-carbodiimide (EDC). 11 This results in a "superactivation" of the myosin ATPase, which increases 700-to 1,000-fold. The hypothesis developed in the present study is that this permanent binding will permit a more physiological estimation of myosin ATPase, will consequently improve Barany's relation, 1 and will thus allow one to detect changes in species such as human.
We have found that the ATPase activity of the covalent actin-myosin subfragment 1 (SI) (myosin SI: myosin head prepared by proteolytic digestion of myosin, two heads per myosin molecule) correlates with the shortening velocity of cardiac muscles in both rats and guinea pigs, but there is no difference between normal and hypertrophied human hearts. Since it has recently been reported 12 that the skeletal isoform of a-actin is expressed during chronic cardiac overload, we also tried to see if a-skeletal and a-cardiac actins behave differently when cross-linked to myosin SI.
Materials and Methods

Animal Models
New Zealand white rabbits were used to prepare fast skeletal muscle myosin. The ventricles of ten 3-week-old male Wistar rats (body weight, 180±10 g; ventricular weight, 468 ±26 mg, from Iff a Credo) were used to prepare pure V, isomyosin. To obtain the V 3 isoform of myosin, 3-week-old male rats were thyroidectomized and killed 6 weeks later (body weight: 117±20 g; ventricular weight: 280±30 mg). Their T4 serum levels were assayed, and 10 were selected as thyroidectomized animals on the basis of a T4 serum level below 1.0 /ig/lOO ml (mean T4 serum blood levels in controls, 7.2±0.12 /Ag/100 ml; in the thyroidectomized group, 0.8±0.1 /u.g/100 ml). Thyroidectomy has already been used by several laboratories to obtain pure V 3 myosin. 13 It has been demonstrated that the pure V 3 isoform obtained by thyroidectomy is identical to the V 3 that predominates in chronic cardiac overloading.
14 Pyrophosphate gel electrophoresis 413 has been used to verify that the V, isoform (aa-myosin heavy chain isoenzyme) is predominant (it represents 100% of the overall content in myosin) in normal 3-week-old rats and has therefore been called "rat heart V,." By the same technique the V 3 isoform Q3j3-myosin heavy chain isoenzyme) has been verified as the major component (100%) in the hypothyroid group and has therefore been called "rat heart V 3 ".
Aortic stenosis was surgically induced in 6-week-old female Hartley tricolored guinea pigs under anesthesia with a combination of brietal and fentanyl.
1516 Aortic stenosis was obtained by binding the abdominal aorta with a modified Week Hemoclip (internal diameter 0.55 mm) above the renal arteries and just below the diaphragm. In sham-operated control animals, the aorta was only dissected. All animals were killed 3 weeks after surgery. Individual hearts were used to prepare proteins. The sham-operated animals had a ventricular weight-to-body weight (mg/g) ratio below 2.7, and the banded animals, above 4.1. The relative amount of myosin heavy chains in guinea pig ventricles has previously 816 been estimated by competitive enzyme-linked immunosorbent assay using guinea pig atria as a source of pure a-myosin heavy chain and guinea pig soleus as a source of the /3-isoform since in this species V, and V 3 isomyosins comigrate on pyrophosphate gels. 17 The a-myosin heavy chain content is 45% of total myosin in normal guinea pig ventricles and 25% in chronically pressure-overloaded hearts. 16 Animals were killed by intraperitoneal injection of 25 mg/kg body wt of sodium pentobarbital. The hearts were quickly excised, and both atria and large vessels were removed. In rats, both the right and the left ventricles were pooled, whereas in guinea pigs, only the left ventricles were used. Cardiac tissue was frozen in liquid nitrogen and stored at -70° C.
Patient Selection and Clinical Data
The biochemical study reported in this work is based on analysis of autopsy samples of ventricular myocardium obtained from two adult patients without heart disease and three adult patients with hypertrophic hearts. These samples were generously provided by Professor B.E. Strauer, University of Dusseldorf, Dusseldorf, FRG. Table 1 lists pertinent clinical information for each patient. Three patients had medical histories of arterial hypertension, and their heart weights varied from 360 to 610 g. Only the free wall of the left ventricle was used. It was cut up in fragments of 3-4 g, blotted dry, frozen in liquid nitrogen, and stored at -40° C within 20 hours of death. The same technique used for guinea pigs was used to estimate the human ventricle content of V,. Only trace amounts of this isoform were found in both normal and overloaded hearts. 8 
Preparation of Proteins
The myosin SI of myosin isoforms from the same species and actins from different sources were always prepared in parallel.
Myofibrils were purified according to Cardinaud et al. 18 Myosin SI was obtained by proteolytic digestion of the myofibrils using 100 /ttg/ml chymotrypsin at 25° C. 1819 Rabbit skeletal, rat, and guinea pig cardiac myosin SI were obtained after 10 minutes of digestion; human cardiac myofibrils were digested only 7 minutes because human myofibrils were more susceptible to chymotryptic attack. Solutions of myosin SI were prepared for ATPase determination or cross-linking experiments in 500 mM KC1 (rabbit skeletal and rat cardiac myosin SI) or 100 mM KC1 (guinea pig and human cardiac myosin SI) and 5 mM EDTA at pH 6.0 (rabbit skeletal and rat cardiac myosin SI) or 6.5 (guinea pig and human cardiac myosin SI) and can be stored at 4° C without any appreciable loss in ATPase (adenosine triphosphate phosphohydrolase; EC 3.6.1.3) activity during 4 weeks for rabbit skeletal and rat cardiac myosin SI but for only 1 week for guinea pig and human cardiac myosin SI.
Skeletal actin was prepared from rabbit leg and back muscles in which the skeletal a-isoactin represents 96% of total actin 12 and was extracted either from an acetone powder 2021 or from an ether powder. 22 Cardiac a-actin was prepared from the ventricles of 2-month-old rats in which it has been shown, using a specific complementary DNA probe, that only the cardiac a-isoactin messenger RNA is expressed. 12 It was extracted from an ether powder as recommended by Zot and Potter. 22 Both types of actin were purified by two cycles of polymerizationdepolymerization. F-Actin was stored at 4° C in 10 mM KC1, 1 mM MgCl 2 , 10 mM 3-(N-morpholino) propanesulphonic acid (MOPS), pH 7.0, and used within 3 days.
Protein concentrations were determined by ultraviolet absorbancy with an absorption coefficient (E 1% ) 280 nm of 0.75/cm corrected for light scattering at 32 nm for myosin SI and an E l% 290 nm of 0.66/cm for F-actin corrected for light scattering at 330 nm. 23 - 24 The yield in myosin SI was about 2 mg/ g wet wt for rabbit skeletal muscle and for rat and guinea pig heart; it was lower, around 1 mg/g wet wt, for human heart. The yield of actin was about 2.5 mg/g wet wt for skeletal muscle whatever the technique used; for rat heart it was about 1.5 mg/g wet wt when an ether powder was utilized. Extraction of the rat cardiac acetone powder does not result in polymerizable actin concentrations. The purity of the proteins was routinely checked by polyacrylamide gel electrophoresis (PAGE).
The following molecular weights (MW) were used for calculations: 42,000 Da for actin, 115,000 Da for skeletal myosin SI, 120,000 Da for cardiac myosin SI, and 95,000 Da for skeletal and cardiac myosin SI heavy chains as cardiac myosin SI comigrated with skeletal myosin SI.
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ATPase Activities and Phosphate Burst Size Determination K + -EDTA-activated ATPase activity was assayed in 1 M KC1, 5 mM EDTA, 2.5 mM ATP, and 50 mM Tris-HCl, pH 7.5, at 25° C. The Ca 2+ -activated ATPase was determined in 5 mM CaCl 2 , 2.5 mM ATP, and 50 mM Tris-HCl, pH 7.5, at 25° C. Mg 2+ -activated ATPase activity of myosin SI and of the cross-linked actin-myosin SI complex was assayed in 30 mM KC1, 5 mM MgCl 2 , 2.5 mM ATP, and 0.5 mM EGTA, pH 7.5, at 25° C. Actinactivated Mg 2+ -ATPase activity was measured in 5 mM KC1, 3 mM MgCl 2 , 2.5 mM ATP, 9 mM MOPS, pH 7.5, at 25° C using a myosin SI concentration of 0.2 /AM and actin concentrations ranging from 5 to 215 fiM when the estimation of K m and V max of the reversible actomyosin was carried out. The K m and V max were calculated from the least-squares fitted regression curves of Eadie-Hofstee plots of ATPase activity versus ATPase activity/actin concentration. For each assay on rat heart, seven hearts were pooled. The inorganic phosphate was determined after a 10-minute incubation with malachite green. 27 Assays were always performed in duplicate. The ATPase activities were expressed as turnover rates of myosin SI in moles inorganic phosphate per mole myosin SI per second.
The phosphate burst size was used to determine the number of real active sites in the preparation, that is, as a criterion of nondenaturation. It was carried out manually 3 with 20 /AM SI and 150 /xM [y 2 P]ATP in 60 mM KC1, 5 mM MgCl 2 , 3 mM EDTA, 50 mM Tris-HCl, pH 7.5, at 25° C. Aliquots were taken every 15 seconds for 2 minutes, mixed with a quenching solution, and filtered on a charcoalcellulose column to measure the amount of 32 P release. Normal values for guinea pig and human heart were between 0.64 and 0.77 mol ATP per active site. This technique is, in our experience, the only one that really allows for comparison of the quality of two preparations of myosin SI. The slope used to calculate the burst size allows the steadystate ATPase activity to be estimated after 5 or 10 minutes. The values obtained were always similar to those described previously.
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Cross-linking Reactions
The two-step procedure for cross-linking myosin SI with actin initially described by Mornet et al" was used. F-Actin (3 mg/ml) was activated by 15 mM EDC in 100 mM (2-[N-morpholino]ethanesulfonic acid) (MES), pH 6.0, at 25° C for 105-120 seconds. Five volumes of myosin SI solution were added to give an actin/myosin SI molar ratio of 2, and the condensation mixture was incubated at 25° C. At different times, samples were removed in parallel for the Mg 2+ -ATPase assay and for the electrophoretic analysis.
Electrophoresis
Slab Na + -dodecyl-SO 4 PAGE with a 10% acrylamide separating gel and a 4.5% acrylamide stacking gel were used to check the purity of samples. 28 To calculate the yield in cross-linked myosin SI, 8% polyacrylamide separating and 3% stacking gels have been used. The gels were stained with Coomassie blue, destained with acetic acid and methanol, and the staining intensity was measured using a Vernon spectrophotometer at 600 nm (2-8 /i.g protein were loaded on the gels). A linear relation between the amount of protein loaded and the intensity of the staining was obtained (our own results and Sutoh 29 ).
Yield in Cross-linked Myosin SI
The reaction of EDC-activated actin myosin SI results in two new components present as doublets 29 ( Figure 1 ): Cl (MW 135,000 Da) and a minor component, C2 (MW 175,000 Da). 30 The composition of Cl is 1 mol myosin Sl/1 mol actin 29 ; that of C2 is not yet clear. Therefore, only Cl was taken into account when calculating the yield in cross-linked myosin SI.
The yield represented by the ratio of cross-linked myosin SI/total added myosin SI was calculated from the scanning of the Coomassie blue stained gel by transforming the weight ratio into the dye uptake ratio. The dye uptake of the unreacted myosin SI heavy chain band (represented by a) and that of Cl complex band (represented by b) were measured. Assuming a molecular weight of 95,000 for myosin SI heavy chain and 42,000 for actin, and 1 mol heavy chain being cross-linked to 1 mol actin to form the Cl complex, 29 1 mg Cl complex contains 0.693 mg heavy chain and 0.307 mg actin. Due to the slightly higher Coomassie uptake per milligram of protein by actin (correction factor: 1.14 29 ), 66% of the Coomassie uptake of the Cl complex came from the myosin SI heavy chain and 34% from the actin.
Expressed as Coomassie uptake, the cross-linked myosin SI in the complex is 0.66 b. The fraction of the cross-linked myosin SI versus total myosin SI [myosin SI in the complex/(unreacted myosin Sl+myosin SI in the complex)] is represented by 0.66 b/(a+0.66 b), which is equivalent to b/(1.5 a+b).
The specific ATPase activity of the cross-linked myosin SI was calculated by ascribing the ATP hydrolysis of the reaction mixture to the calculated amount of cross-linked myosin SI. The contribution of the non-cross-linked myosin SI to the ATPase activity of the reaction mixture was neglected since it represents less than 1% of the total ATPase activity. S1 -3min 13 min The C2 complex was not used for calculation because its stoichiometry has not been clearly established. In addition, it is a very minor component representing, in any type of heart, 3% of free plus cross-linked myosin SI after 3 minutes condensation and 16% after 20 minutes. Assuming a composition of one myosin SI and three actins for C2, 3 this complex would only slightly modify the calculations. The yield in Cl was 25-26% after 3 minutes condensation and 40-46% after 20 minutes.
Pilot experiments have been performed to isolate the complex. The total mixture was centrifuged after 3 or 20 minutes at 100,000# for 2 hours at 4° C, and the ATPase of the pellet was measured in standard conditions. A similar procedure was used by Mornet et al" and by Arata. 31 The specific activity of the pellet was, as for these authors, usually 30-50% lower than that calculated by the indirect method described above. This decrease is, in fact, due to the length of the procedure of isolation, which usually requires three hours. Since the complex is unstable, its activity, as explained below, rapidly diminishes with time. We finally decided to abandon the direct method for the indirect one. and bis-acrylamide, from Serva; anti-guinea pig antibodies, from the Pasteur Institut (Paris); all other reagents were grade A from Merck or from Prolabo.
Materials
Results
Skeletal Muscle
Preliminary experiments with skeletal myosin SI showed the apparition of two doublets of condensation products Cl and C2 on polyacrylamide gels, the amounts of which increase with the time of condensation (Figures 1 and 2a) . C2, a minor compound after 3 minutes of condensation (it represents 3% of the myosin SI and 10-12% of the overall condensation products) becomes more important after 15 minutes, reaching 16% of myosin SI and 30% of the overall condensation products (Figure 2a) .
The Mg
2+
-ATPase activity increases from 0.070/ sec in pure myosin SI up to 10.3/sec in the overall mixture. The yield in the condensation product Cl being 20% after 3 minutes, the final corrected activity of the complex was 51/sec. This represents a 142-fold activation in the overall mixture, a 700-fold activation in the complex for Mg 2 *-ATPase, and, when compared with the Ca 2+ -ATPase of myosin SI whose activity was around 6-7/sec, a final activation of 8.5-fold (Table 2A, Figure 2b) .
Rat Cardiac Muscle
The Ca 2+ -ATPase activity of V, myosin SI was approximately twice as high as that of V 3 myosin SI while the K + -EDTA-ATPase activity was similar for both isoforms, as is usually reported for the entire myosin molecule. 32 The same ratio as that observed with the Ca 2+ -ATPase activity was obtained for the Mg^-ATPase activity. The latter was usually highly scattered due to both the very low rate of ATP hydrolysis and the effect of any minor actin contamination (Table 2A) .
The maximum non-cross-linked actin-activated myosin SI ATPase activity ( V^ and the corresponding K m were extrapolated from Eadie-Hofstee plots. The V, and V 3 have a similar K m for actin, 12.2 fiM and 9.6 fiM, respectively, whereas the Vô f V, is 70% higher than that of V 3 , 14.3/sec and 8.4/ sec, respectively.
Electrophoresis of the mixture obtained after simultaneous cross-linking between either V, or V 3 myosin SI isoforms and actin showed essentially the same characteristic as previously obtained with skeletal myosin SI (Figure 1 ) with two condensation products, Cl and C2, the second representing less than 10% of the reaction after 3 minutes. Trace amounts of actin polymers were also present. The yield in condensation products was the same for the two cardiac isomyosins SI and for skeletal myosin SI (Table 2A) .
As for skeletal myosin, cross-linking of actin to myosin SI prepared from V, or from V 3 myosin results in a 300-600-fold increase in the Mg* + -activated ATPase, which reaches 41/sec and 25/sec for V, and V 3 , respectively, after 3 minutes of complex formation. As discussed above, the Mg 2 " 1 "-ATPase activity of myosin SI is a poorly reproducible index of myosin activity and it is safer to use Ca 2+ -activated ATPase activity of myosin SI as a control value. The cross-linked actomyosin SI ATPase activity is about 5.5-, 6.6-, and 7.0-fold higher than the Ca 2+ -ATPase activity for V,, V 3 , and fast skeletal muscle myosin SI, respectively. As for skeletal myosin, the cross-linked actomyosin SI ATPase activity diminishes after 20 minutes of complex formation by 25% for V, myosin SI and by 13% for V 3 myosin SI (Table 2A) .
In cardiac myosin SI, the cross-linked actomyosin SI ATPase activity is three times higher for both V, and V 3 myosin than the maximum noncross-linked actin-activated ATPase activity calculated from Eadie-Hofstee plots (Table 2A) . •For a description of the ATPase assays and calculation of the yield in cross-linked myosin S I , see "Materials and Methods." The activity is expressed as moles inorganic phosphate per mole myosin SI per second. tSeven hearts were pooled for each rat heart assay. The number indicates the values for each pool. tHypertrophy was experimentally obtained by abdominal aortic stenosis. Slndividual values. |For the yield and the Mg 2 * ATPase activity of cross-linked myosin SI, the numbers indicate the means of 2-3 assays. lAutopsy samples. Both the intra-assay and the interassay coefiicients of variation for myosin SI and cross-linked actomyosin SI ATPase were below 5%. Therefore, the differences observed in ATPase between normal and overloaded rat and guinea pig hearts can be considered significant; those observed for human heart are within the standard error of the assay.
Actin Isoforms
no difference whether skeletal or cardiac actin was Condensation reactions were performed by incuusec * (Table 2A) . bating V, or V 3 myosin SI with either a-skeletal or a-cardiac actin. The two isoactins produced idenGuinea Pig Cardiac Muscle (Table 2B ) tical condensation products on PAGE. The yields As already shown, normal guinea pig heart has a in cross-linked myosin SI were similar, and the lower myosin ATPase activity than rat heart. 2 As ATPase activity of cross-linked myosin SI showed expected, both the myosin SI ATPase activity and 
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the cross-linked myosin Si ATPase activity were lower in guinea pig hearts than in rat hearts, but these species differences were smaller with the cross-linked myosin SI ATPase than with the myosin SI ATPase activity.
One month after aortic banding the guinea pig hearts had increased in weight. The left ventricular weight of sham-operated animals was 930±80 mg; that of the banded animals was l,760±160 mg. The ventricular wt/body wt (mg/g) ratios were 2.9±0.1 and 4.2±0.1, respectively, as previously shown. 15 Also, a significant drop in both myosin SI ATPase activity and in cross-linked myosin SI ATPase was observed while the amplitude of the early phosphate burst remained unchanged (0.60 mol ATP per myosin active site for the control and 0.65 for the hypertrophied heart). In both normal and hypertrophied hearts, the time course of the activating process and the electrophoretic mobility of the products were the same as those described for skeletal muscle and rat heart (Figure 3 ).
Human Heart
Cross-linking human myosin SI with actin results in the formation of the same condensation products as found with rabbit skeletal or rat and guinea pig cardiac myosin SI. In addition, it activates the ATPase activity about 800-fold (Table 2C) .
Figures 3d, 4a, and 4b and Table 2C show the kinetics for the ATPase activity of the incubation mixture, the yield in cross-linked myosin SI (Figure  4b) , and evidence indicating the absence of differences between normal and hypertrophied hearts. Both groups of human cardiac myosin SI had the same amplitude of phosphate burst as already reported. 8 As shown in Figure 3d , the cross-linked myosin Si ATPase activity in humans differs from that obtained with guinea pigs (Figure 3c ) and differs greatly from rats (Figure 3b) . In both the latter species, the cross-linked myosin SI ATPase is depressed in hypertrophied hearts compared with the normal situation. Figure 4c shows, as above, a diminution of the specific activity of the crosslinked myosin SI when the yield and the duration of the condensation process increase. But above all, it clearly shows that whatever the yield in crosslinked myosin SI, the cross-linked myosin SI ATPase of hypertrophied human hearts is identical to that of normal patients. It eliminates any misinterpretation that could arise from artifacts resulting from the technique used to calculate the yield.
Discussion
Chemical cross-linking of EDC-activated actin with cardiac myosin SI from three different species, rat, guinea pig, and human, activates the myosin SI ATPase activity by a factor of approximately 700. This provides the physiologist with a new tool to explore contractility in terms of biochemistry.
The cross-linking procedure of Mornet et al" is rapid, simple, and reproducible. Our protocol differs slightly since the condensation mixture was not centrifuged to separate cross-linked from noncross-linked myosin SI. The reason is that although the ATPase activity of the complex diminishes during the isolation procedure, it remains in the same range of values as that obtained by the indirect procedure. 31 - 33 In addition, centrifugation does not completely separate free actin and non-crosslinked myosin Si. 31 The indirect procedure seems to be more reliable because the condensation reaction is instantaneously stopped and the electrophoresis results in a complete separation of crosslinked from the non-cross-linked myosin SI. The ATPase activity of the cross-linked skeletal myosin SI obtained in this paper is comparable to previously published values."
Our results, however, differ from the literature on two points. First, increasing the condensation time from 3 to 20 minutes enhances the production of complex but lowers the specific activity (Table 2) . This indicates a time-dependent phenomenon (denaturation, aggregation, or intramolecular cross-links by EDC) that diminishes the ATPase activity of cross-linked myosin SI. Similar results were observed with other ligands using a slightly different experimental protocol. 34 Because of the possible influences of other phenomena during longer condensation times, only the results obtained after 3 minutes of condensation were retained.
Second, the ATPase activity of the cross-linked skeletal myosin SI is in the same range (51/sec, Table 2 ) as the maximum actin-activated ATPase activity of non-cross-linked myosin SI (28/sec to 54/sec in Weeds and Taylor 33 ). In the heart, whatever the species, the situation is different. The ATPase activity of the complex after 3 minutes (41/ sec, 25/sec, and 16/sec for the rat V, and V 3 and the human cardiac myosin SI, respectively) is approximately three times higher than the extrapolated values for the maximum non-cross-linked actinactivated myosin SI ATPase activity (14/sec, 8/sec for rat cardiac V, and V 3 in "Results," 4.7/sec for normal human cardiac myosin SI 36 ). It is impossible to decide if the discrepancies observed for cardiac myosin SI between the maximum non-cross-linked actin-activated ATPase activity of myosin SI and the cross-linked myosin SI ATPase activity reflect cardiac specific artifacts or some fundamental properties of the cardiac actinmyosin interaction. For example, previously reported equilibrium constants for actomyosin SI association differ by a factor of 3 between skeletal and cardiac myosin SI. 37 Recalculation of the data available for cross-linked smooth muscle myosin SI 38 indicates also a difference between the maximum actin-activated ATPase activity of myosin SI and the cross-linked myosin Si ATPase activity. The rate constant for ATP hydrolysis obtained with the cross-linked myosin SI ATPase is the fastest ever obtained. However, the rate constants of the ATPase hydrolysis steps are not modified in the cross-linked actomyosin SI complexes while the kinetics of ATP binding and phosphate release are very different for cross-linked actomyosin SI and for myosin SI. 39 Kinetic analysis of the non-cross-linked actinactivated myosin Si ATPase activity are difficult and time-consuming. High actin concentrations result in an increased viscosity of the reaction medium. Furthermore, experiments are usually performed at low ionic strength, which has different effects on the skeletal myosin SI isoforms. 40 Finally, the extrapolations used to calculate V^ are, theoretically, fitted curves and frequently scattered. By contrast, the assay for the cross-linked myosin SI ATPase is not only more reliable and faster but also measures real rates of ATP hydrolysis, which are unaffected by high viscosity or ionic strength."
Recently, Brenner and Eisenberg 41 showed a good correlation between EDC-actin-activated myosin SI ATPase rate measured under a variety of conditions and the rate of force redevelopment in skinned rabbit muscle fibers following unloaded isotonic shortening after a rapid restretch between 5° and 30° C. Obviously, at least in skeletal muscle, values for cross-linked myosin SI ATPase activity fit well with the in vivo rate constants for force redevelopment. This is a strong argument in favor of the cross-linked myosin SI ATPase reflecting physiological events. Does it also correlate with the maximum shortening velocity as was the case for both the steady-state ATPase activity 1 and the early phosphate burst? 3 Figure 5 was an attempt to appreciate the physiological significance of the cross-linked actomyosin SI ATPase activity by comparison with the classic correlation established in 1967 by Barany 1 between myosin ATPase and the maximum unloaded shortening velocity, V^, of skeletal muscles. The same correlation was also reported in our laboratory for the hearts from different species. 2 In Figure 5 , in contrast with previous papers, 12 the values of V^, came from the same investigator, Lecarpentier et al, 15 using the same animal strains and the same models as those used in the present study. This probably explains why the correlation coefficients between V,™, and both the myosin SI and the cross-linked actomyosin SI ATPase were so high (r=0.99 in both cases, p<0.001). This figure also shows that Barany's correlation was still more valid on a semilogarithmic scale, suggesting that in slow muscles a smaller change in isomyosin profile and in myosin ATPase is necessary to induce a significant decrease in V^,. Barany's data, 1 in the same range of values as that used in Figure 5 , also fit well together on a semilog scale.
The physiological significance of myosin or actomyosin ATPase has limits. The V,/V 3 V,,,,,, ratio was around 3 in studies with papillary muscles, 15 but it is considerably lower (1.6) for glycerinated or skinned fibers, 42 -43 for the Ca 2+ -ATPase of myosin SI (1.9 in Table 2 ), for the maximal non-cross-linked actinactivated myosin SI ATPase activity (1.7; see "Results"), and for the cross-linked myosin SI ATPase activity (1.6 in Table 2 ). The same is true for guinea pig. The normal to hypertrophied V^, ratio was 3 " for papillary muscle while the same ratio for skinned fiber was l.l. 44 That of both myosin SI and the cross-linked myosin SI ATPase activity was 1.3 (Table 2 ). This suggests the influence of other factors, including sarcoplasmic reticulum, calcium movements, and sensitivity of myofilaments or sarcolemma to calcium, in the regulation of cardiac contractility. 7 This discrepancy is still much more evident in humans, where a drop in shortening velocity 45 was not accompanied by any detectable changes in myosin. 8 One of the goals of this work was to detect, by amplification of the enzymatic reaction, a change in myosin ATPase activity in hypertrophied human hearts that was caused by an unknown isomyosin or to a posttranscriptional modification of the molecule. Although the myosin SI ATPase of normal human heart has been activated nearly 1,000-fold, no difference was observed between normal and overloaded tissues.
In conclusion, the cross-linked actomyosin-Sl ATPase correlates with physiological parameters and is technically easier to measure than any kinetic assay. Chronic overload modifies the myosin ATPase in parallel with the cross-linked actomyosin SI ATPase in both rats and guinea pigs. However, human myosin ATPase, whether it is activated or not, remains unmodified, excluding the possibility of unknown new isomyosins playing a physiological role.
